The mullite composite powders with embedded Fe and Ge nanoparticles were individually prepared through the reduction of Al5.4Fe0.6Si2O13 and Al12Si3.75Ge0.25O26 solid solution. The complete reduction of Fe 3+ cation in solid solution is realized by hydrogen at 1200°C for 1 h. The magnetic properties of composite powders such as hysteresis loops and magnetization versus temperature were measured using SQUID. The Fe nanoparticles with the particle size around 10 nm embedded in mullite grain show the superparamagnetic behavior with the blocking temperature around 50 K. The mullite composite powders with Ge nanoparticles have strong room temperature photoluminescence (PL) at 561, 610, 676, 713 and 787 nm, respectively. The highest photoluminescence intensity was observed in the sample reduced at 500°C for 3 h. Based on the analysis of XPS and Raman spectra, it is clear that the PL phenomenon is derived from the formation of embedded Ge clusters with the average size of around 1-2 nm in mullite composite powders. It is proved that the multi-functional mullite nanocomposites with functional metal nanoparticles can be prepared through the selective reduction of designed solid solutions.
Introduction
Materials with zero-valent metal nanoparticles have attracted much attention for their contributions to fundamental studies and technological applications. 1),2) Dispersed in amorphous or crystalline matrixes, metal nanoparticles are beneficial to incorporate their unique properties (e.g., magnetic, optical, electrical, optoelectronic, catalytic, etc.) into matrixes giving rise to multifunctional nanocomposite materials.
3),4) Iron nanoparticles are very important magnetic material for their strong magnetism compared with magnetite or ferrite, which are practically applied in catalysis, magnetic recording, magnetic fluids and biomedicine.
5)-7) It is well known that their magnetic properties are dramatic dependent on particle size and their arrangement of nanoparticles. Because the exciton Bohr radius of bulk Ge (24.3 nm) is much larger than that of bulk Si (4.9 nm), the quantum confinement effect is expected to be more pronounced in Ge nanocrystals. Ge nanoparticles exhibit novel optoelectronic and thermoelectric properties, which shows the possibility for potential device applications. 8),9) However, these properties are also strongly affected by the size and interaction of Ge nanoparticles. Therefore, properties of materials with metal nanoparticles are affected not only by the characteristics of functional nanoparticles, but also by their coupling and interaction which is influenced by the matrix. 10) Dispersion of functional metal nanoparticles in amorphous silica or alumina matrixes has been widely investigated.
3), 11) Metal nanoparticles are normally obtained by high temperature reduction in reductive atmosphere of sol-gel made oxides mixture. Some metal nanoparticles have been obtained in Al2O3, MgO, Cr2O3 and MgAl2O4 matrixes by selective chemical reduction of their ceramic solid solutions.
12)- 14) In these composites, the size of metal particles has a typical bimodal distribution with tens to hundreds of nanometers for large agglomerated grains and around 20 nm for small embedded particles inside matrix grain. However, properties of materials with embedded metal nanoparticles have not been sufficiently studied. Since the matrix is expected to influence the formation and growth of dispersed nanoparticles, as well as the resulting properties of the nanocomposites, it is interesting to investigate the possibility of obtaining functional metal nanoparticles within a different matrix.
As the only stable crystalline phase formed at atmospheric pressure in the aluminosilicate (Al2O3-SiO2) system, mullite is widely studied as an important material for high-temperature structural, electronic, and optical applications. 15 , the Fe and Ge nanoparticles embedded in mullite powders can be obtained through the selective reduction of mullite-iron oxide and mullite-germanium oxide solid solution, respectively.
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In this paper, the solid solutions with a nominal composition of Al5.4Fe0.6Si2O13 and Al12Si3.75Ge0.25O26 were prepared through sol-gel method. Mullite composite powders dispersed with magnetic iron nanoparticles and photoluminescent Ge nanoparticles were successfully prepared through the reduction of these solid solutions. The reduction processes were presented herewith. The properties and structure of functional metal nanoparticles dispersed mullite composite powders were studied.
Experimental procedure

Preparation of materials
The mullite-iron oxide solid solution with nominal composition of Al5.4Fe0.6Si2O13 was synthesized by heating the sol-gel made powders following the method described elsewhere. 18) Al(NO3)3·9H2O, Fe(NO3)3·9H2O and Si(OC2H5)4 were used as the precursors for alumina, iron oxide and silica, respectively. Dried gel powders were treated at 500°C for 2 h in air to remove volatile substance and then were calcinated at 1200°C for 4 h to form solid solution. To obtain the iron nanopaticles, solid solution powders were reduced in flowing hydrogen gas at 1200°C for 1 h. Reduced powders were washed by 1 M HNO3 at 80°C for 1 h to eliminate the agglomerated iron grains.
Mullite composite powders containing photoluminescent Ge nanoparticles were prepared by reduction of sol-gel made mullite-germanium oxide solid solution with nominal composition of Al12Si3.75Ge0.25O26. Al(NO3)3·9H2O, the ethanol solution of Cl3GeCH2CH2COOH and Si(OC2H5)4 were used as starting materials for alumina, GeO2 and silica, respectively. Mullite precursor was prepared by adding the ethanol solution of Cl3GeCH2CH2COOH and Si(OC2H5)4 into Al(NO3)3 aqueous solution. After raising the PH to 8 by ammonia, the obtained solution was vigorous stirred for 6 h. The sol was then concentrated and dried at 60°C in thermostat water bath. The dried gel was treated at 500°C for 4 h in air and then calcinated at 1300°C for 4 h. Finally, the solid solution powders were reduced by flowing 10 vol% H2/Ar mixed gas for 3 h from 500 to 700°C.
Characterization
The crystalline phases were recorded at 4° 2θ/min by X-ray diffraction analysis (XRD). The powder XRD patterns for the calculation of lattice parameters were measured using 0.5° 2θ/min with pure silicon as an internal standard and then indexed with the PowderX package. 19) Lattice parameters were calculated with the program Chekcell. 20) X-ray photoelectron spectrometry (XPS) spectra were obtained by a VG Scientific ESCALAB MK II photoelectron spectrometry, working with the Al Kα radiation (1486.6 eV). Calibration was based on the C1s electron peak (284.6 eV) due to residual hydrocarbon. The microstructure of composite powders was observed by using transmission electron microscope (TEM).
Measurement of hysteresis loops was conducted on Quantum Design MPMS superconducting quantum interference device (SQUID) magnetometer at 10 K and 300 K. Zero-field-cooled and field-cooled magnetizations were determined with an applied field of 100 Oe between 10 K and 300 K. The Raman and Photoluminescence (PL) spectra were measured using a Renishaw Invia micro-Raman setup with the excitation of an Ar + laser (λ = 514 nm). The power density of the incident light on the sample surface was about 0.4 mw/μm 2 for Raman spectroscopy and 0.32 × 10 -3 mw/μm 2 for PL spectroscopy.
Results and discussion
Magnetic iron nanoparticle embedded mullite composite powders
XRD patterns of powders heat-treated at different temperature and atmosphere is shown in Fig. 1 . After calcination at 500°C, amorphous powders are obtained without volatile impurities. Through crystallization and reaction of oxide precursors, the mullite-iron oxide solid solution is the only phase detected by XRD after soaking at 1200°C for 4 h. Besides a small quantity of silica, the mullite and α-Fe are detected in the reduced samples before and after acid washing. The presence of silica is due to the decrease of Fe 3+ cation content in solid solution by reduction. After the full transformation from Fe 3+ to Fe 0 in solid solution, the weight ratio of SiO2 in mullite reached 46.6 wt%, which is much higher than that in stoichiometric mullite (28.2 wt%). Hence, the excessive SiO2 was separated from this silica-rich mullite to form cristobalite. The preservation of orthorhombic mullite after reduction shows that the formation of α-Fe phase did not destroy the crystalline structure of parent matrix. Because of possessing the lowest stability under this reduction condition, only Fe 3+ cation in the solid solution can be reduced at 1200°C and the crystalline structure of mullite was still preserved. As shown in the Fig. 1(c) and Fig. 1(d) , the significant decline of the intensity of the α-Fe peaks is found in the sample after acid washing, which is attributed to the dissolution of α-Fe phase in mullite composite powders by HNO3. However, the residual α-Fe phase in composite powders still can be detected by XRD after acid washing (see Fig. 1(d) ). It is evident that part of α-Fe phase was preserved from the dissolution of HNO3.
The unit cell volume of mullite crystals reduced at different temperature was calculated from measured lattice parameters. The result is shown in Fig. 2 . The substitution of Al 3+ by Fe 3+ cation in solid solution led to the expansion of unit cell compared with that of pure mullite (PDF 15-0776). As the raise of reduction temperature, the unit cell shrank very fast and then kept with no significant change when the reduction temperature was above 1200°C. It means that the temperature for full reduction of Fe 3+ cation in mullite-iron oxide solid solution is about 1200°C. It 
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should be noted that this temperature is much higher than that for full reduction of metal oxides mixture (around 500-800°C). 21) Since Fe 3+ cation locates in the lattice of mullite, more reductive ability is necessary to be supplied by higher temperature. Figure 3 shows the TEM micrograph of sample after acid washing. The monodispersed iron nanoparitcles, which are small and dark, can be easily observed. The particle size of the iron nanoparticles is around 10 nm. The α-Fe nanoparticles embedded in the mullite grain show Moiré fringe patterns. This is an indication that the certain planes of two different crystallites, as the α-Fe nanoparticles and the mullite grain matrix, having a slight lattice mismatch are superimposed. 22) This phenomenon is probably due to the α-Fe nanoparticles precipitated inside parent mullite grains as inclusions after reduction at high temperature. It is implied that mullite grains act as the matrix to protect embedded iron nanoparticles from further agglomeration, air oxidation and acid corrosion. Consequently, most of embedded iron nanoparticles, which was detected by XRD, can be preserved as the remained iron phase after acid washing (see Fig. 1(d) ).
The magnetic hysteresis loops of the acid washed sample measured at temperature of 10 K (a) and 300 K (b) is shown in Fig. 4 . Saturated magnetizations (Ms), remanence ratio (Mr/Ms) and coercivity (Hc) of composite powders are 4.64 emu/g, 1.82%, 37 Oe at 300 K and 5.02 emu/g, 3.76%, 103 Oe at 10 K, respectively. It is well known that for a superparamagnetic particle system, both the coercive field and remnant magnetization increase with decreasing temperature below the superparamagneticferromagnetic transition temperature. And this increase is due to the lower thermal activation energy of spins at low temperature. In our results, the significant increase of coercivity and remanence ratio was recorded at 10 K, which means that the embedded iron nanoparticles have the feature of superparamagnetism. In magnetism, the temperature dependence of the magnetization for superparamagnetic magnetic particles shows the blocking temperature (TB) at which the zero-field-cooled magnetization curve exhibits a cusp. 23 ) Figure 5 shows the result of magnetization versus temperature for field-cooled and zero-field-cooled experiments. It is found that a maximum appears at around 50 K in the zero-field-cooled curve, which is corresponding to the blocking temperature. However, the zero-field-cooled and field-cooled magnetization curves do not completely overlap with each other above 50 K, which indicates the existence of ferromagnetic particles. As known, the magnetic behavior of metal nanoparticles is tightly related with their particle size. In the case of iron nanoparticles, the critical size of superparamagnetism is 14 nm.
24) The aggregation of some iron particles were observed from the result of TEM, which may result in the ferromagnetic response at temperature above TB. 
Mullite composite powders containing photoluminescent Ge nanoparticles
XRD patterns of the powders heat treated at 500°C, 1300°C and reduced at 500°C for 3 h are shown in Fig. 6 . Powders remain amorphous after treated at 500°C. After soaked at 1300°C, the orthorhombic mullite is completely formed without secondary phase. The peaks of Ge is not able to be observed after reduction because of both the low content in composition (3.03 wt%) and low crystallinity of Ge. The bright field TEM micrograph of the sample after reduction at 500°C is shown in Fig. 7 . The precipitation of some dark particles with the particles size around 10 nm and some clusters with the size around 1 nm can be observed. It is hardly to recognize the lattice fringe of the precipitates because of both very small particle size and the disturbance from mullite crystal. Figure 8 shows the XPS spectra of powders in the binding energy range of Ge 3d 5/2 before and after reduction at 500°C. Only the symmetrical 3d peak of Ge 4+ is recognized in the sample before reduction. On the contrary, an additional peak can be observed at 29.34 eV in the sample reduced at 500°C, which is attributed to the 3d peak of Ge 0 . It indicates that part of Ge 4+ was reduced to Ge 0 under this reduction condition. Figure 9 shows the PL intensity of samples before and after reduction. It can be seen that all the samples after reduction show broad PL spectra ranging from 520 nm to 1000 nm. The PL spectra are composed of multiple peaks which overlap with each other. Based on the Gaussian distribution function, the PL spectrum of the sample reduced at 500°C was fitted (shown in the insert in Fig. 9 ). The peak positions can be determined at 561, 610, 676, 713 and 787 nm, respectively. The peaks of PL spectra are almost the same in these samples though the intensities are different. The sample reduced at 500°C exhibits the strongest PL intensity, while the PL intensity decreases as the reduction temperature increases. In comparison, the sample before reduction was measured under the same conditions. Almost no PL phenomenon can be detected.
Raman spectra of samples reduced from 500°C to 700°C and those before reduction are shown in Fig. 10 . Before reduction, there is no Raman response in the observation region. When the sample was reduced at 500°C, a broad peak of Ge appears at nearly 279.8 cm -1 . With the raise of reduction temperature from 500°C to 700°C, the Raman peak of Ge becomes stronger and sharper, which results from the improvement of crystallinity for Ge nanoparticles. Compared with the standard Raman peak of cubic Ge (305 cm -1 ), 25) all the spectra have shifted to low fre- quency. This shift can be attributed to the quantum confinement effect, which was also observed from Ge nanocrystals embedded in SiO2 matrix. 26) The mean grain size of Ge nanoparticles can be estimated by the peak shift from D = 2π(B/Δω) 1/2 , where, B ≈ 2.0 cm -1 ·nm 2 , Δω is the peak shift compared with that of the cubic Ge. The average size of Ge nanoparticles increased from 1.95 to 8.87 nm corresponding to the reduction temperature from 500°C to 700°C. Yang et al. 27) reported that Ge clusters with the diameter less than 1-2 nm embedded in SiO2 matrix exhibited strong PL in the visible and near-infrared region and the PL intensity decreased with the increase of reduction temperature. In our research, reduction temperature is also found to be the key factor to influence the PL intensity. The PL intensity depends on the concentration of those Ge clusters with the diameter less than 1-2 nm inside mullite composite powders. Since the Ge clusters grow easily, the concentration of Ge clusters decreases although the amount of Ge nanoparticles increases at high reduction temperature. When the sample was reduced at 500°C, the highest concentration of the Ge clusters with the diameter less than 1-2 nm was obtained in composite powders, hence the strongest PL phenomenon was observed.
Conclusion
The mullite composite powders with embedded Fe and Ge nanoparticles have been successfully synthesized through the reduction of mullite-iron oxide and mullite-germanium oxide solid solution. The magnetic property is introduced to mullite composite powders by forming iron nanoparticles embedded in mullite grains. Iron nanoparticles with the particle size around 10 nm show the superparamagnetic behavior with the blocking temperature around 50 K. The mullite composite powders with Ge nanoparticles have strong room temperature photoluminescence at 561, 610, 676, 713 and 787 nm, respectively. The strongest room-temperature photoluminescence was observed in the sample reduced at 500°C for 3 h. The origin of room-temperature photoluminescence is due to the formation of nano-sized Ge clusters determined by XPS and Raman spectra analysis.
